The natural history of patients with pathologically proven frontotemporal lobar degeneration (FTLD) is important from clinical and biologic perspectives, but is not well documented quantitatively.
Few quantitative studies of cognitive and social decline in the early onset dementias have been reported, despite their importance for crucial clinical and neurobiological issues such as diagnosis, prognosis, treatment trials, and understanding the nature of the dementing process. Cross-sectional comparisons of patients with an autopsy-confirmed neurodegenerative disease suggest distinct cognitive profiles of impairment in frontotemporal lobar degeneration (FTLD) compared to Alzheimer disease (AD). These findings are important because pathologically proven AD is misdiagnosed clinically as FTLD in 15% to 33% of clinical-pathologic series. [1] [2] [3] Patients with a pathologically proven form of FTLD are more impaired on executive measures such as category naming fluency (particularly naming words beginning with the letters FAS), for example, while patients with AD are most compromised on measures of episodic memory. 4, 5 Likewise, contrasts of patients with pathologically distinct forms of FTLD 6 associate tau-positive diseases such as dementia with Pick bodies (PiD) and corticobasal degeneration (CBD) with significant impairments on measures of executive functioning such as category naming fluency and visual constructions, while tau-negative diseases such as frontotemporal lobar degeneration with tau-negative but ubiquitin/TDP-43 immunoreactivepositive inclusions (FTLD-U) are associated with significant deficits on language measures such as visual confrontation naming. 1, 7 A comprehensive clinical assessment of the natural history of autopsy-defined cases with FTLD was recently reported. 8 This work is important for characterizing the clinical history of these patients, but difficult to use for practical purposes such as treatment trials since these observations are not quantitative. Longitudinal decline in language 9 and social 10 domains also has been described, but the survey nature of these measures may cloud the precise source of the deficit under examination. The present study used several quantitative neuropsychological measures to examine the longitudinal course of patients with FTLD with known histopathologic abnormalities, and to distinguish these cases from AD with an atypical presentation. METHODS Subjects. An autopsy registry of over 500 neurodegenerative cases at the Center for Neurodegenerative Disease Research of the University of Pennsylvania was examined to identify patients with a clinical diagnosis of an FTLD spectrum disorder or with FTLD pathology who also had neuropsychological evaluations performed on several occasions. This search generated a list of 42 cases. Two cases were excluded because their initial clinical evaluations did not occur until Ͼ100 months after reported disease onset. This yielded a final cohort of 40 patients. Clinic visits occurred from 1988 through 2006, and all autopsies were performed at the University of Pennsylvania from 1995 through 2006. All cases participated in an informed consent procedure approved by the Institutional Review Board of the University of Pennsylvania. Table 1 summarizes the demographic characteristics of the participants.
Cases were assigned to three groups on the basis of the pathologic diagnosis at autopsy. 1, 6 These groups included tau-positive disease, tau-negative disease, and frontalvariant AD (fvAD), 11 that is, patients with a clinical diagnosis of an FTLD spectrum disorder who had histopathologic evidence of AD as the primary diagnosis at autopsy. The specific pathologic diagnoses are provided in table 1. There was no difference among tau-positive, tau-negative, and fvAD groups in age at onset, education, duration of illness at the time of initial testing, or severity of dementia (as assessed with the MMSE) at the time of the initial neuropsychological assessment (all p values Ͼ 0.2, according to analyses of variance).
A consensus mechanism assigned patients to a clinically defined syndromic subgroup when first seen, based on a modification of published criteria. 12, 13 At least two experienced individuals independently examined the clinical record, including a detailed history, a mental status examination (this did not include any of the reported neuropsychological measures), and a neurologic examination, but were blinded to the neuropsychological evaluation and imaging data. Open discussion resolved differences. These clinical diagnoses are also summarized in table 1. Briefly, patients with primary progressive aphasia were subdivided into those with a nonfluent variant (progressive nonfluent aphasia) due to effortful speech with grammatic limitations, a semantic dementia variant due to difficulty understanding single words and objects, and a mixed (logopenic) form of primary progressive aphasia involving impairments of both single word processing and slowed speech. Patients with a disorder of social and executive functioning exhibited bizarre behavioral changes such as disinhibition, hyperoral behavior, and apathy. Patients with corticobasal syndrome (CBS) demonstrated difficulty with visual-spatial, apractic, and executive functioning and an asymmetric extrapyramidal disorder. Other available clinical diagnoses included AD, presenting with episodic memory difficulty as well as deficits in language, visual-spatial, and executive domains; and Lewy body variant of AD, with additional attentional deficits an extrapyramidal disorder.
Clinical and neuropsychological protocol. Patients
were assessed regularly with portions of a published neuropsychological protocol. 14 The frequency of evaluation, the amount of time between evaluations, and the duration of protocol participation are summarized in table 1. Briefly: 1. Wechsler Adult Intelligence Scale-Revised Digit Span subtest 15 : Repeat a sequence of numbers in a forward order and then in a backwards order 2. Letter Fluency 16 : Generate different words in 60 seconds, excluding proper nouns and numbers, beginning with a specified letter (FAS) 3. Animal Fluency 17 : Produce as many names of different animals as possible in 60 seconds 4. Visual Confrontation Naming 18 : name line drawings 5. Semantic Memory 19, 20 : Judge the membership of color photos and words in a familiar semantic category (vegetables, tools) 6. Verbal Serial List Learning Test-recall and recognition 21 :
Free recall of a 10-word list following three learning trials and a filled delay, followed by a recognition test where the 10 original words were intermixed with 10 novel words 7. Visual Construction 17 : copy four geometric designs.
Neuropathologic assessment. Detailed description of the pathology protocol is described elsewhere. 1 Briefly, representative tissue obtained at the time of autopsy was fixed in both neutral-buffered formalin and 70% ethanol in 150 mmol/L NaCl, pH 7.4, paraffin-embedded, and cut into 6-to 10-m-thick sections. Sections were stained with hematoxy-lin and eosin and Thioflavin S. Immunohistochemistry was performed on sections of neocortex (anterior cingulate gyrus, mid-frontal gyrus, superior temporal gyrus, angular gyrus), hippocampus, putamen, globus pallidus, cerebellum, and midbrain including substantia nigra pars compacta. Immunohistochemistry was performed with antibodies to tau, ␣-synuclein, ubiquitin, TDP-43, ␤-amyloid, and other proteins as required to complete the diagnostic workup of atypical cases. The avidin-biotin-peroxidase method with 3,3=diaminobenzidine for color development was used for all immunostaining. The neuropathologic diagnosis of FTLD was made using criteria that emphasize tau-positive as well as tau-negative but TDP-43/ubiquitin-immunoreactive inclusions in cell bodies of neuronal and glial cells in gray matter, white matter, and subcortical regions. 1, 22, 23 Cases with AD were diagnosed on the basis of histopathology and immunohistochemistry performed with standard and previously published protocols using antibodies that detect phosphorylated tau (PHF1 24 [provided by Dr. Peter Davies]) and ␤-amyloid (i.e., 4G8 [Senetek, MD Heights, MO]). Sev- Table 1 Mean Ϯ SD clinical and demographic characteristics and clinical and pathologic diagnosis ‡Number of patients assigned a clinical syndrome at presentation. § Number of patients with a pathologic diagnosis assigned at autopsy. Five patients had evidence for multiple histopathologic abnormalities, and patients were assigned to the group based on the dominant pathology. Multiple pathologies included one case of progressive supranuclear palsy (also with features of Parkinson disease and Alzheimer disease); one case with corticobasal degeneration (also with features of Alzheimer disease); one case of motor neuron disease with dementia (also with features of Alzheimer disease); and two cases of Lewy body variant of Alzheimer disease (both with features of Parkinson disease and one with features of argyrophilic grain disease). ¶ One FTLD-U case had a progranulin mutation.
Figure

Longitudinal decline on neuropsychological tests
The slope indicates the rate of monthly decline (x-axis) as reflected by z-score performance on each task (y-axis). Note that the y-axis scale differs from task to task. eral of these cases were included in previously published clinical-pathologic series. 1, 23, 25 Statistics. Raw scores of neuropsychological data were converted to z-scores based on the performance of 25 agematched [mean (ϮSD) ϭ 66.68 (Ϯ9.48) years] and education-matched [mean (ϮSD) ϭ 15.36 (Ϯ1.93) years] healthy seniors. Analyses of variance indicated that the age and education of these healthy controls does not differ from the patient groups. A threshold of z ϭ Ϫ2.32 (equivalent to a p value of 0.01) was used to identify abnormal performance in patient groups relative to controls when first seen.
A mixed-effect model (Proc Mixed program, SAS v9.1, SAS Institute, Cary, NC) was used to examine longitudinal cognitive decline over 100 months from disease onset in the three pathologically defined groups of patients. 26 This statistical procedure accounts for within-subject correlations due to repeated measurement of cognitive variables in the same subjects and for missing data points. Follow-up time was treated as both a random effect and a fixed effect, and a random intercept was also included in the mixed-effect model. Demographic variables and disease diagnosis were treated as fixed effects. The coefficient for the fixed effect estimating monthly change for each neuropsychological measure was used to illustrate longitudinal decline in the figures. For between-group longitudinal analysis using the mixed-effect model, F-statistics were computed for the overall effect of covariates, and t statistics were reported for any two disease group comparisons that were significant. For within-group longitudinal analyses using the mixed effect model, t statistics were reported for any two tasks differing within each disease group. Longitudinal decline may be linear or curvilinear, and we examined both longitudinal effects in the statistical models. Since longitudinal change was rarely curvilinear in this dataset, we report linear effects except where otherwise indicated. Statistical significance was set at the p Ͻ 0.05 level (two-tailed) unless otherwise indicated.
RESULTS
The patient groups did not differ from each other in MMSE scores when first seen. Longitudinal observations of these groups of patients Table 2 Mean Ϯ SD neuropsychological test performance at onset* Performance on each of the tasks declined over time in all three groups. Several of these measures also showed a difference between groups that was maintained longitudinally. However, we did not observe an interaction of group ϫ neuropsychological decline.
On the visual construction measure, we observed significantly worse performance in taupositive patients relative to tau-negative patients and fvAD patients throughout the course of disease. On measures of language functioning, the tau-negative group had significantly worse visual confrontation naming than the tau-positive group and the fvAD group during the disease course. On language-mediated executive measures, we found significantly poorer longitudinal performance on the animal fluency task in tau-positive patients and tau-negative patients relative to fvAD patients. On the FAS letter fluency task, we observed significantly worse performance in taunegative patients relative to fvAD patients throughout the course of disease. There was a borderline effect for worse longitudinal performance on the reverse digit span task in taupositive patients relative to tau-negative patients. Finally, there was a significant difference in longitudinal decline in verbal recognition memory due to the worse performance of tau-negative patients relative to patients with tau-positive disease. To determine whether the observed neuropsychological difficulties were biased in part by the relatively large number of CBD patients in the taupositive subgroup, we directly contrasted performance in CBD patients with the other taupositive patients. No significant group differences were found.
Within-group longitudinal effects. Within-group assessments were largely consistent with the profiles emerging from the between-group analyses, as summarized in table 4. Tau-positive patients showed significantly worse performance on visual constructions, letter-guided naming fluency, and semantically guided naming fluency that is sustained throughout the disease course relative to their performance on other neuropsychological measures. Tau-negative patients showed significantly worse performance during the course of Table 4 Significant within-group differences in longitudinal neuropsychological test performance* TN  TP  TP  TP, AD  TP, TN, AD  TP, TN, AD  TP  TP   FAS naming fluency  TP  TP  TP, TN  TP, the disease on language measures such as visual confrontation naming and semantic memory, verbally mediated executive measures such as animal fluency and FAS letter fluency, and verbal memory recall. Patients with frontal-variant AD showed significant difficulty longitudinally on verbal memory recall, recognition memory, semantic memory, visual confrontation naming, and animal naming fluency relative to other measures.
DISCUSSION
Patients with pathologically confirmed FTLD and fvAD decline over time in their performance on measures of language, executive, and visual functioning. Moreover, profiles of longitudinal cognitive decline appear to differ across pathologically defined groups. These observations begin to clarify neurobiological inferences that are supported by clinical-pathologic studies of early onset neurodegenerative diseases, and emphasize important practical implications for differential diagnosis and the identification of measures useful for clinical trials.
In patients with FTLD, tau-positive disease is associated with significantly greater difficulty on a measure of visual constructions than taunegative disease throughout the course of the condition, while tau-negative disease is associated with significantly greater difficulty longitudinally than tau-positive disease on language measures such as visual confrontation naming. This pattern is confirmed in within-group assessments. Double dissociations such as this have been reported in cross-sectional studies. 1, 4, 27 The basis for this double dissociation, however, is unclear. One contributing factor may be the distinct anatomic distributions of disease in tau-positive and taunegative patients. This has been shown on MRI studies directly comparing cortical atrophy in tau-positive and tau-negative patients with autopsy-proven disease, 28 distinct correlative patterns relating cortical atrophy on MRI in autopsy-proven disease with performance on measures such as confrontation naming and visual construction, 7 and different cognitive performance profiles that depend on distinct anatomic distributions of histopathologic abnormalities in autopsy specimens. 7, 25 Another contributing factor may be related to the cytoarchitectonic distribution of pathology in these conditions. [29] [30] [31] Some early-onset dementias such as FTLD-U may disproportionately affect superficial layers, thereby interfering with local neuronal processes that support specific cognitive measures. Other diseases such as PiD may compromise neuronal integrity in both superficial and deep layers. Since these conditions compromise pyramidal neurons in deeper layers that are crucial for inter-region connectivity, complex cognitive processes supported by these large-scale neural networks may be selectively more vulnerable in these conditions. Additional work is needed to assess clinical-pathologic hypotheses such as these in cases with taupositive and tau-negative disease.
These findings also appear to distinguish FTLD from AD. Several clinical-pathologic reports find that patients with an unusual presentation of AD can mimic the clinical phenotype of an FTLD spectrum disorder, resulting in a misdiagnosis. 1-3 fvAD patients may present with a social disorder and limited executive resources due to frontal pathology, 11 and FTLD-like patients with autopsy-proven AD may have a "logopenic" form of primary progressive aphasia. 32, 33 These patients have significant cortical atrophy on MRI in posterior peri-Sylvian regions bilaterally, 27 and autopsy-confirmed cases of AD have been described with this "logopenic" clinical presentation. 34 Autopsy-confirmed fvAD patients also have impaired episodic memory relative to FTLD patients, 1, 4, 27 and this correlates with MRI cortical volume in medial and lateral temporal regions, and with the histopathologic burden of amyloid in the medial temporal lobe. 27 In the present study, we find that patients with a clinical presentation of FTLD that is due to pathologically proven AD differ longitudinally from tau-positive patients and tau-negative patients. Tau-positive patients thus have significantly greater difficulty on a measure of visual constructions than fvAD patients throughout the course of the disease; tau-negative patients are significantly more impaired than fvAD patients on measures of visual confrontation naming and FAS naming fluency; and both tau-positive patients and tau-negative patients are more impaired than fvAD patients on animal naming fluency. Within-patient analyses likewise show significant difficulty in tau-positive patients and tau-negative patients on animal naming fluency and FAS naming fluency. Relative difficulty on measures of animal and FAS naming fluency have been shown previously in cross-sectional studies of pathologically confirmed patients with FTLD compared to patients with AD. 1, 4, 27 Category naming fluency measures such as these are complex, and difficulty on these measures may be due to several different reasons. While it is beyond the scope of this study to establish the basis for a category naming fluency impairment, the deficit in tau-positive patients may be related in part to a limitation of executive resources rather than a disorder of language because of their relatively preserved visual confrontation naming. In the tau-negative patients, the category naming fluency impairment may be due to their difficulty with the language component of these tasks, as suggested by their concurrent confrontation naming impairment. Within-group analyses show that episodic memory is the most impaired measure in fvAD, although between-group longitudinal measures show that tau-negative patients are impaired longitudinally in their verbal recognition memory relative to tau-positive patients, and that fvAD patients differ from neither tau-positive nor tau-negative patients. The longitudinal verbal memory deficit in tau-negative patients also may be related in part to their language difficulties. Memory may not be distinctly impaired longitudinally in fvAD because the hippocampus and medial temporal structures are not as severely impaired in these patients as in patients with the clinical diagnosis of AD. 11 We find double dissociations such as these despite observing that subgroups of pathologically defined patients do not differ in overall dementia severity as measured by MMSE at their initial evaluation, and these subgroups maintain similar levels of relative overall dementia severity throughout the course of disease. The MMSE is not very sensitive to overall dementia severity in non-Alzheimer forms of dementia. Recent work attempts to deal with this problem by modifying the MMSE or developing a new instrument, [35] [36] [37] but these instruments were not available during the early course of these longitudinal data. The double dissociation we observed nevertheless emphasizes that factors like overall dementia severity and disease duration cannot easily account for these neuropsychological differences. The relatively large number of patients with CBD in this cohort may account in part for the visual construction deficit in tau-positive patients. CBD is associated with parietal and frontal disease, 25 and direct correlations of cognitive performance with MR imaging and histopathologically defined disease burden in a cross-sectional study relate visual constructional accuracy to tau-positive disease in frontal and parietal cortices. 27 Direct comparisons between CBD and other tau-positive conditions do not confirm this possibility, although these results must be interpreted cautiously because of the small numbers of patients in these subgroups. Likewise, the relatively large number of patients with FTLD-U may account in part for the difficulty of tau-negative patients on a language measure such as visual confrontation naming, 1 since naming impairment is a prominent characteristic of semantic dementia 14, 38 and this syndrome is often associated with FTLD-U. 39 Despite the power of such a double dissociation, these observations must be interpreted with some caution. Confirmation with other language, visual construction, executive, and memory measures is needed in a larger cohort of autopsyproven cases. These findings nevertheless suggest that some consistent diagnostic information may be derived throughout the course of the disease from these simple, noninvasive neuropsychological observations.
While the measures presented above emphasize the differences between these patient subgroups, we also find longitudinal decline on several other neuropsychological measures that does not distinguish between groups. Previous reports of language and social measures that do not differentiate between subgroups of pathologically defined FTD subgroups longitudinally may be due in part to the complexity of survey measures such as these. 9, 10 In the present study, tau-positive, tau-negative, and fvAD groups are significantly impaired on a measure of semantic memory when first seen, and these groups subsequently appear to decline at the same rate in their performance on this task. Other work suggests that semantic memory is complex and involves multiple components, resulting in impairments in FTLD and AD groups of patients for different reasons. [40] [41] [42] [43] Likewise, episodic memory recall may not distinguish between groups in part because of the multiple ways in which verbal memory can be impaired, 14 including the verbal modality, the representation of episodic memory information, and the executive resources supporting the strategic retrieval and recall of the targets. 44, 45 Finally, we find that these patient groups do not differ longitudinally on measures such as digit span forward and reverse. Performance on the digit span measures is not significantly impaired when these patients present, and these tasks may be too easy to be sensitive to longitudinal decline. Regardless of the basis for the impairment on these tests of semantic memory, episodic memory, and working memory, measures with a similar rate of decline across patient groups such as these may be useful for monitoring response to an intervention during treatment trials.
Several caveats should be kept in mind when considering our observations. Although we used a conservative statistical approach, a relatively small number of patients participated in this study, and tau subgroups were pathologically heterogeneous. Because these patients were recruited over several years from different clinics, we were able to examine only a restricted range of neuropsychological measures. Additional work is needed to confirm the group differences we observed with a more comprehensive neuropsychological battery examining larger numbers of patients. While we examined longitudinal performance for a longer duration and later in the course of disease than other work, 9, 10 it is possible that we did not examine patients sufficiently late in the disease process to demonstrate converging group profiles. Patient selection bias is likely to be minimal since we had little control over the particular histopathologic diseases contributing to the groups, although the pathologically defined groups are heterogeneous and therefore limit the generalizability of our observations. With these caveats in mind, our findings suggest different patterns of longitudinal decline in patients with distinct histopathologic diseases. Patients with tau-positive disease are significantly more impaired on a measure of visual construction than tau-negative patients, while patients with taunegative disease are significantly more compromised than tau-positive patients on a measure of confrontation naming. Longitudinal measures of FAS naming fluency and animal naming fluency also distinguish tau-positive patients and taunegative patients from patients with a frontal variant of AD. Since these impairment profiles are maintained over time, patients with different neurodegenerative conditions do not necessarily converge on a single, common phenotype as their disease progresses.
